The homeobox containing transcription factors Nkx3.1 and Nkx3.2 (Bapx1) are transiently coexpressed in somites during early embryonic mouse development. Targeted disruption of the Nkx3.2 (Bapx1) gene in mice results in limited defects of chondrocranial bones and the axial skeleton, particularly pronounced in cervical vertebrae. In contrast, inactivation of the Nkx3.1 gene causes no apparent skeletal phenotype despite its early expression in sclerotomal cells. These observations suggested that both genes might fulfill partially overlapping functions during development of the vertebral column. To test this hypothesis we have generated Nkx3.1/Nkx3.2 double homozygous mutants. The simultaneous loss of both genes caused embryonic lethality between E12.5 and E17.5. Double mutants exhibited enhanced defects of vertebrae compared with Bapx1-deficient animals. In vertebral anlagen sclerotomal cells condensing around the notochord were almost completely lost during early embryogenesis of double null mutants. Defects appeared most severe in the cranial region and less prominent in thoracic and lumbar regions. The reduction of chondrogenic cells resulted in the incomplete formation of vertebral bodies, missing major parts of their ventro-medial aspects. The enhanced skeletal phenotype of double null mutants compared to the single Bapx1 mutation demonstrates that Nkx3.1 contributes to the formation of the axial skeleton in addition to the Bapx1 gene. Moreover, both genes seem to collaborate in a yet unknown vital function in the mouse embryo. q
Introduction
The vertebral column is entirely derived from mesodermal cells of somites that are initially generated as epithelial spheres from the segmental plate on both sides of the neural tube. Under the influence of inductive signals, most notably sonic hedgehog (shh) emanating from notochord and floorplate, cells of the ventral half of somites undergo an epithelial-mesenchymal transition and form the sclerotome, the progenitor cell population of the axial skeleton. Sclerotomal cells then migrate ventro-medially, organize around the notochord, and subsequently differentiate into chondroblasts which generate the cartilaginous matrix that is eventually replaced by bone in the process of endochondral ossification.
Tinman/NK4 and bagpipe/NK3 genes, two members of the NK-family of homeodomain transcription factors in Drosophila (Kim and Nirenberg, 1989) , constitute important regulators of mesoderm formation and specification of visceral mesoderm during formation of the midgut musculature (Azpiazu and Frasch, 1993; Azpiazu et al., 1996) . Numerous homologues of Drosophila NK2 and NK3 have been identified in mouse. These genes are collectively referred to as Nkx2 and Nkx3 gene families (Harvey, 1996; . Two genes, Nkx3.1 and Nkx3.2 (Bapx1), constitute the Nkx3 gene family in mouse and both are expressed in mesoderm and other tissues during early development (Schneider et al., 1999 (Schneider et al., , 2000 Sciavolino et al., 1997; Tanaka et al., 1999; . Transcripts of both genes are found early in newly formed somites where they rapidly localize to the sclerotomal compartment. Nkx3.1 transcripts appear only transiently in the sclerotome and are downregulated from E10.5 onwards, while Nkx3.2 expression persists until later stages of skeletal development in chondrogenic progenitor cells and mature chondrocytes surrounding the notochord (Schneider et al., 2000; (Akazawa et al., 2000; Lettice et al., 2001; Tribioli and Lufkin, 1999) . The mutation also affects cranial bones of the skull. The expression of several chondroblast markers appear reduced in the mutant, suggesting that loss of Nkx3.2 gene function results in impaired development of normal cartilage eventually leading to the observed dysgenesis of vertebrae and compaction of the axial skeleton with tighter spacing of vertebrae. These skeletal malformations seem to cause breathing problems that could explain the postnatal death of mutant animals. Nkx3.2-deficient mice also fail to develop the spleen consistent with its early expression in splanchnic mesoderm.
Despite its robust expression in the early sclerotome Nkx3.1 null mutant mice do not show any skeletal phenotype. They are born viable and appear macroscopically normal. Postnatally, however, Nkx3.1 mutants show morphogenetic defects in glandular ducts of the prostate and minor salivary glands where Nkx3.1 is also expressed in adult mice (BhatiaGaur et al., 1999; Schneider et al., 2000; Tanaka et al., 2000) . Loss of Nkx3.1 in both organs affects hyperplastic growth of the glandular epithelium. The overlapping expression patterns of Nkx3.1 and Nkx3.2 genes in sclerotome and the surprisingly mild or lacking skeletal phenotype in Nkx3.2 and Nkx3.1 mutants, respectively, prompted us to test, if both genes may have partially redundant functions. Therefore, we generated a double homozygous mutant and analyzed its phenotype. Here, we report that mice lacking both Nkx3 genes die prenatally and show enhanced sclerotomal defects in cervical and lumbar segments compared to homozygous Nkx3.2 mutants. Our results indicate that Nkx3.1 and Nkx3.2 cooperate during sclerotomal development and in the formation of the vertebral column.
Results
2.1. Nkx3.1 and Nkx3.2 genes are independently expressed during mouse embryogenesis
To ensure that Nkx3.1 and Nkx3.2 genes do not control each others' expression, we first determined whether both genes are expressed normally during embryogenesis in the Nkx3.2 and Nkx3.1 single mouse mutants, respectively. The Nkx3.1 mutant mouse contains the lacZ reporter gene that has been inserted in frame into the gene locus and therefore is transcribed under the control of the endogeneous Nkx3.1 promoter (Schneider et al., 2000) . Heterozygous Nkx3.1 embryos lacking a functional Nkx3.2 gene expressed the LacZ reporter gene between E10.5 and E12.5 in a pattern indistinguishable from that of Nkx3.2 wild type animals, indicating that it was not dependent on Nkx3.2 (Fig. 1) . Vice versa, whole mount in situ hybridizations with a Nkx3.2-specific riboprobe revealed no differences in the expressions between wild type and homozygous Nkx3.1 mutant mice (data not shown). As Nkx3.1-LacZ was also maintained in double homozygous mutant embryos, it is clear that the gene is not auto-regulated (unpublished observation) . From these results, we concluded that the expression of both genes is regulated independently from each other and the phenotypes of the individual Nkx3.1 and Nkx3.2 null mutants were not affected by simultaneous loss of both Nkx gene products. 1/2 parents, we obtained a total of two double homozygous mutant embryos at E17.5 among 127 examined ones. At E12.5 the expected number of double homozygous mutants was found, whereas at E14.5 approximately one half of the calculated number of double null mutants was present. According to Fischer's exact test, the loss of embryos between day 12.5 and 17.5 was significant with P value ,0.01. These observations indicated gradually increasing embryonic lethality during midgestation that has not been observed in Nkx3.1 and Nkx3.2 single mutants. Macroscopic inspection of both double homozygous mutants obtained from E17.5 did not reveal any obvious anatomical defects that could explain the cause of death. However, simultaneous disruption of Nkx3.1 and Nkx3.2 genes quite clearly resulted in embryonic death, whereas Nkx3.1 mutants were viable and Nkx3.2 mutants died shortly after birth as described previously (Bhatia-Gaur et al., 1999; Lettice et al., 1999 Lettice et al., , 2001 Schneider et al., 2000; Tanaka et al., 2000; Tribioli and Lufkin, 1999) . Based on the embryonic expression patterns of both genes, it is hard to understand why these mutations may cause embryonic lethality, as overlapping expression has only been demonstrated for the early sclerotome and later in some parts of the gut musculature.
2.3. The Nkx3.1 mutation augments the skeletal phenotype of Nkx3.2 mutants Nkx3.2 mutant mice exhibit moderate defects in the axial skeleton and selected cranial bones of the skull, while Nkx3.1 mutants have no skeletal phenotype. Because both genes are transiently coexpressed in early sclerotome, it has been suggested that they may functionally overlap in the development of vertebrae (Lettice et al., 1999 (Lettice et al., , 2001 Tribioli and Lufkin, 1999) . We tested this hypothesis in double mutants that lack both gene products and compared their phenotypes with homozygous Nkx3.2 mutants. As described previously, mice deficient for Nkx3.2 exhibit a shortened body axis and kinked tails probably due to more narrow spacing of the vertebral elements ( Fig. 2A, B) . When Nkx3.1/Nkx3.2 double mutants were stained to visualize cartilage and bones, the axial skeleton appeared even shorter compared to E17.5 Nkx3.2 mutants, the latest stage at which double mutants could be recovered alive (Fig. 2C) . Closer inspection of the vertebral column and individual vertebrae of these embryos revealed that ventro-medial cartilage of all cervical vertebrae was reduced or missing, and this effect was augmented in double mutants compared to Nkx3.2 mutant animals ( Fig. 2D-H ). Both types of mutants lacked the central ossification centers as described previously (Lettice et al., 1999; Tribioli and Lufkin, 1999) . The most severe defect was observed for the atlas that was reduced to only the lateral parts missing most of the cartilage that gives rise to the vertebral body (Fig. 2G) . The enhanced phenotype of double null mice was less obvious in thoracic and lumbar vertebrae (Fig. 2F, I ). However, lumbar vertebrae in the double mutant did not show the typical dorsal bifurcation (Fig. 2F) contributing to spinous processes that were normally present in Nkx3.2 single mutants (Fig. 2F, I ). In summary, the phenotype of Nkx3.1/Nkx3.2 mutants showed similar skeletal defects as observed for the Nkx3.2 mutation but they appeared considerably more severe, indicating that both genes may act in a common pathway and contribute to the formation of vertebrae.
Both Nkx3 genes control the size of the medio-ventral sclerotome
In an attempt to assess at which developmental stage the formation of vertebrae began to be affected by the Nkx3.1/ Nkx3.2 mutations, histological sections of double homozygous mutants, Nkx3.2 single mutants, and wild type animals at comparable axial levels were analyzed at E12.5. To ensure that segments of vertebral bodies and not intervertebral disks were compared, only sections with the highest cell density around the notochord were analyzed. As shown in Fig. 3A-F , no major differences in numbers of sclerotomal cells collecting around the notochord at the cervical level were observed between wild type (Fig. 3A and B) , Nkx3.2 mutant (Fig. 3C, D) , and Nkx3.1/Nkx3.2 double mutant animals (Fig. 3E, F) . However, more intense staining for cartilage was apparent in wild type as compared to mutant animals, suggesting that differentiation of mutant cells may be impaired. Similar results were obtained at thoracic and lumbar level (data not shown). At E14.5, considerable numbers of cells have organized around the notochord shown at the cervical (Fig. 2G, H ) and lumbar level (Fig. 2M, N) of wild type fetuses. These condensed cells have been stained with Alcian blue, indicative for cartilage formation, and HGF for collagen-associated proteoglycans, both parameters for chondrocytes in prospective bone forming regions. In the NKx3.2 single mutant reduced numbers of chondrogenic cells in the vicinity of the notochord were observed at cervical level (Fig.  2I, J) , while this effect was less pronounced but still visible at lumbar level ( Fig. 2O, P) . Strikingly, in double mutants there was an additional decrease in the number of cells around the notochord with only few scattered cells present at the cervical level but no signs of cartilage formation (Fig.  2K, L) . At lumbar level cell numbers were also further reduced in comparison to the Nkx3.2 single mutant (Fig.  2Q, R) . Moreover, cartilage formation was restricted to both sides of the notochord in Nkx3.1/Nkx3.2 double mutants, while it normally occurs all around the notochord in wild type animals and at a reduced level also in Nkx3.2 mutants (Fig. 3M-R) . Except for the region of pedicles essentially no cartilage is formed in vertebral anlagen of the double mutant (Fig. 3Q, R) . Thus, loss and disarray of chondrogenic cells around the notochord prefigures and explains the abnormalities of vertebrae that can be seen later in development of the double mutant mice. From these observations we conclude that both Nkx3.1 and Nkx3.2 genes have a role in controlling the size and spatial organization of the early sclerotomal compartment that gives rise to vertebrae, particularly their ventral parts.
Discussion
In this study we provide evidence that Nkx3.1 and Nkx3.2 transcription factors collaborate in the development of the a N anal, total number of analyzed embryos at the given stages; N, number of embryos recovered alive; N exp, statistically expected number of embryos with the indicated genotype. axial skeleton which is consistent with their transient coexpression in cells of the early sclerotome. The fact that no skeletal defects occurred in Nkx3.1 null mutants argued that this gene has either no role in the formation of vertebrae or Nkx3.2 or other Nkx-related genes may fully replace its function. In contrast, Nkx3.2 deficient mice exhibited vertebral defects despite the presence of Nkx3.1 as shown here, indicating that the latter gene is not sufficient to substitute for the loss of Nkx3.2. Nevertheless, a contribution of Nkx3.1 to the formation of vertebral anlagen has now been demonstrated in double homozygous mutants that exhibited a clearly enhanced skeletal phenotype in comparison to the single Nkx3.2 mutation. However, the skeletal defects were still limited and appeared mostly in the ventral parts of the vertebral bodies, whereas the lateral aspects were largely unaffected. In addition, severity of the phenotype decreased in a rostral-to-caudal direction. Possibly, yet another unidentified Nkx-related homeobox gene may be involved in the development of the axial skeleton. It is interesting to compare the enhanced skeletal phenotype of the Nkx3.1/ D,F) around the notochord in all three genotypes. Note, however, the reduced cartilage staining in mutants compared to wild type (A,C,E). At E14.5 prevertebrae have formed in the wild type at cervical (G and H) and lumbar (M and N) levels, whereas only a reduced number of cells has organized around the notochord in the Nkx3.2 mutant (I,J,O,P). Cervical vertebrae (I and J) are more affected than lumbar vertebrae (O and P). The vertebra-forming areas in the double knock-out mutant contain a further reduced number of chondrogenic cells illustrating the enhanced phenotype as compared to the Nkx3.2 single mutation (K,L,Q,R). Note the almost complete absence of cells around the notochord at cervical level (K and L), while at lumbar level the ventro-medial cells are mainly affected (Q and R).
Bapx1 mutant with the Pax1/Pax9 double mutant mouse (Peters et al., 1999) , that also shows augmented defects of the vertebral column in comparison to Pax1-deficient mice (Wallin et al., 1994; Wilm et al., 1998) . These mutant mice exert similar deficiencies of vertebra development as Bapx1 mutants, while the individual disruption of the coexpressed Pax9 gene does not affect the axial skeleton Stockton et al., 2000) .
As to the function of Nkx3.1 and Nkx3.2 in vertebra development, several possibilities can be discussed. The genes may be required for the migration of sclerotomal cells toward the notochord, for proper proliferation of these cells, or for the differentiation of chondroblasts to chondrocytes including prevention of apoptosis. Although we have not analyzed the migration of sclerotomal cells, it seems unlikely that it is affected in the mutants, because vertebral anlagen at E12.5 were present with fairly normal numbers of cells surrounding the notochord. However, already at this stage formation of cartilage as shown by Alcian blue staining in wild type embryos failed to occur in the mutants. This notion is in line with the interpretation of the Nkx3.2 mutation not affecting cell migration but the subsequent differentiation of sclerotomal cells (chondroblasts) into chondrocytes (Tribioli and Lufkin, 1999) . At later embryonic stages, however, it was apparent that the area forming the future vertebrae contained considerably fewer cells in mutants than in wild type indicating either decreased proliferation or increased apoptosis or both. For Nkx3.2 mutants it has been shown that cell proliferation in the axial skeleton was not significantly altered but apoptosis was increased, possibly as a consequence of the failure to make the prechondroblast-chondrocyte transition (Tribioli and Lufkin, 1999) . This seems true also for the Nkx3.1/Nkx3.2 double mutant animals. It is noteworthy, however, that the Nkx3.1 gene in wild type mice is not expressed anymore when cells of the prevertebrae differentiate into chondrocytes. It therefore, cannot exert a direct effect on processes within cells of this stage. In order to explain the enhanced phenotype of the double mutant one can postulate that either Nkx3.1 expression is prolonged in Nkx3.2 mutant embryos or the early sclerotomal Nkx3.1 expression influences the later differentiation more indirectly. As we have not seen altered Nkx3.1/LacZ reporter gene expression in the Nkx3.2 mutant, we would argue for the more complex scenario in which Nkx3.1 affects the prospective fate of prevertebral cells, while they are still residing in the sclerotome. This view implicates a similar early function for Nkx3.2. Indeed, in chicken it has been demonstrated that Nkx3.2 promotes chondrogenesis by conferring a prechondrogenic response to bone morphogenetic protein (BMP) in somitic tissue (Murtaugh et al., 2001) . In this context, Nkx3.2 seems to be a critical mediator of shh action during axial cartilage formation, acting to inhibit expression of factors that interfere with the prochondrogenic effects of BMPs. This proposed function of Nkx3.2 and possibly Nkx3.1 would be in line with the observed phenotype in double deficient mice, showing the most severe defect in chondrogenic progenitors around the notochord, the source of shh.
Embryonic lethality of Nkx3.1/Nkx3.2 double null mutants was a surprising result of this study as none of the domains in which both genes are coexpressed can easily explain the cause of death nor could we observe any obvious anatomical defects of E17.5 embryos. The developmental stage of E12.5-17.5 during which most double mutant embryos die, may suggest cardiac failure or vascular problems that are responsible for this phenotype. However, both genes are not expressed in the heart and the expression in vascular musculature has only been shown for Nkx3.1 (Schneider et al., 2000; Tanaka et al., 1999) . The described haploinsufficiency of the Nkx3.2 gene (Tribioli and Lufkin, 1999) was not observed in our compound heterozygous animals with respect to the mortality, as Nkx3.1
2/2 and Nkx3.1 1/2 /Nkx3.2 2/2 embryos were found at E17.5 with the expected frequency. Thus, further analysis is needed to understand the cause of death of Nkx3.1/ Nkx3.2-deficient mice.
Materials and methods

Animal breeding and genotyping
Nkx3.2 heterozygous males (Lettice et al., 1999) , in a mixed 129Sv/C57BL6 background were bred to Nkx3.1 homozygous females of the same genetic background (Schneider et al., 2000) , to obtain double heterozygous animals. Double heterozygous mutants were intercrossed with each other to yield double null mutants. Newborn pubs or embryos isolated at gestational stages, E10.5-17.5 were genotyped for the Nkx3.1 gene by Southern blot analysis (Schneider et al., 2000) and for the Nkx3.2 gene by polymerase chain reation (PCR) analysis using primers from the 5 0 exon of the Bapx1 (Nkx3.2) gene (CCGAACCA-GAACAGCCGTGG) and the 5 0 end of the intron separating the two Bapx1 exons (CAGCCCCCTTCCTGGAGAAC) as described previously (Tribioli and Lufkin, 1999) . The PCR products for wild type and mutated genes were 0.28 and 1.4 kb, respectively.
Whole-mount staining of bone and cartilage
For a combined Alcian blue/Alizarin red whole mount staining of cartilage and bone mouse embryos at E16.5 and E17.5 were sacrificed. After removal of skin and internal organs embryos were washed in phosphate buffered solution (PBS) and fixed in 95% ethanol for 2 days. Specimen were then stained for 2 days at room temperature in a filtered solution containing 1 vol 0.1% Alcian blue 8GX (Sigma) in 70% ethanol, 1 vol 0.3% Alizarin red S (Sigma) in 70% ethanol, 1 vol glacial acetic acid and 17 vol of 70% ethanol. Staining was followed by clearing the embryos in 1% KOH for up to 2 days. After processing the embryos through a graded series of glycerol in ethanol, specimens were stored at 48C in 100% glycerol and photographed.
Histology
For histological analysis, embryos from various developmental stages were fixed overnight in 4% paraformaldehyde, dehydrated through a graded series of PBS/ethanol, followed by treatment with xylene. Samples were then embedded in paraffin according to standard procedures. Eight micrometer sections were collected on Vectabond (Vector) coated glass slides.
To visualize cartilaginous elements by Alcian blue staining sections were dewaxed in xylene, rehydrated and treated with 1% Alcian blue 8GX (Sigma) dissolved in 3% acetic acid for 20 min. Samples were then washed under running water, counterstained with nucler fast red (Sigma), dehydrated and coverslipped with Entellan.
Hematoxylin/eosin (HE) staining was performed according to standard protocols. Collagen associated proteoglycans were visualized by staining with hematoxylin, fast green, and basic fuchsin (HGF). For this procedure, sections were dewaxed, rehydrated, and stained in Weigerts iron hematoxylin (Sigma) aqueous solution for 1 min, rinsed under running water until the blue color has fully developed. Slides were then transferred to a fast green FCF (Sigma) aqueous solution (1:5000) for 3 min followed by washing in 1% acetic acid and finally staining in 0.1% basic fuchsin (Sigma) solution in 0.01% acetic acid for 5 min. Sections were subsequently dehydrated and covered with Entellan.
